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Introduction
Shape memory alloy materials are of major interest in a broad range of applications for their uncommon mechanical properties-shape memory effect and superelasticity [1, 2] . Over the last decade, numerous studies have focused on the porous form of SMA, which combines the intrinsic assets of both SMA and foam materials. From an experimental point of view, SMA foams have been processed using different manufacturing techniques and a number of research papers have been published in various research fields, especially for biomedical applications (see, e.g., [3, 4] or, more recently, [5] ). From a numerical point of view, intensive research has been conducted on both the determination of accurate constitutive models of dense SMA (a review of some models can be found in [6] ) and the SMA foam modelling. Several studies have shown the importance of the foam's geometrical characteristics, that is, the size, shape, orientation, and distribution of the pore microstructure on its macroscale behavior [7] .
Tetrakaidecahedral cellular solids are of interest to many researchers, since they were proven as far back as 1887 by Lord Kelvin [8] that they are the most efficient means to fill space within a given volume with a single shape; that is, they are the structure that provide the minimum surface area per given volume [7] . The tetrakaidecahedron, also called the Kelvin cell or the regular truncated octahedron, is characterized by 14 faces, eight regular hexagons and six squares, and can be generated by truncating the corners of a cube [9] . As depicted in Figure 1 , a number of foams exhibit geometry which can be accurately modeled using a tetrakaidecahedron-based model. Even though such foams normally possess a very high porosity, it is now possible to obtain, using modern additive manufacturing methods, tetrakaidecahedral geometry-based foams with porosity ranging in very large limits, that is, from 1 to 99% of porosity [10, 11] .
For these multiple reasons, the tetrakaidecahedral geometry of foam models has been widely studied in the literature Figure 1 : Tetrakaidecahedral-like metallic foam, from [12] (a) and from [13] (b).
from the analytical [9, 14, 15] , experimental [12] , and numerical [16] [17] [18] perspectives. In this study, we focus on the mechanical responses of tetrakaidecahedral open-cell SMA foam with a density ratio / ranging from 0.01 to 1, where denotes the density and the subscript d is the fully dense value. Note that the terms porosity, density ratio, and pore volume fraction are synonyms and will alternatively and indistinctly be used in this work.
In particular, we aim to study the influence of the superelastic effect associated with open-cell tetrakaidecahedral foam. For this purpose, we define the model of tetrakaidecahedral foam from both a geometrical and a numerical point of view in Section 2. The tetrakaidecahedral foam responses in the elastic and in the superelastic stage are extracted in Section 3 and compared with results from the literature. We draw our conclusions in Section 4.
Computational Setup
2.1. SMA Constitutive Model. All the computations are performed using the commercial finite element software Ansys. The SMA model has already been implemented [19] . The model is briefly summarized below; the interested reader is invited to refer to [20] and the references therein for more information.
The material model considers the nonlinear behavior occurring during the reversible phase transformation from Austenite to Martensite or from Martensite to Austenite. For the sake of clarity, we adopt the following convention concerning exponents or subscripts: , , , and will refer to Austenite, Martensite, Austenite to Martensite and Martensite to Austenite phase transformations, respectively. The Auricchio's model is able to model the tensioncompression asymmetry behavior but, as a first approximation, we do not account for such asymmetry in the present study. It is worth pointing out, however, that the asymmetry behavior has a great influence on the mechanical response of the model and the reader must keep in mind the assumption of a symmetric mechanical behavior.
It is assumed that the material behavior does not show any permanent strain and that the material is perfectly isotropic. The following constants are used to model the SMA behavior and they are graphically represented in [21] :
(i) is the starting stress for the phase transformation from Austenite to Martensite;
(ii) is the final stress for the phase transformation from Austenite to Martensite;
is the starting stress for the phase transformation from Martensite to Austenite;
is the final stress for the phase transformation from Martensite to Austenite;
(v) is the maximum superelastic strain;
is the Young's modulus of Austenite;
(vii) is the Young's modulus of Martensite;
(viii) is the phase transformation modulus of austenite to Martensite;
is the phase transformation modulus of Martensite to Austenite.
Throughout this paper, the porous SMA material will be defined by the parameters summarized in Table 1 . The associated stress-strain response for fully dense foam is depicted in Figure 2 .
Note that to reduce the number of iterations required for a complete phase transformation, is set to 0.01, which is approximately 1/10 of the Ti-Ni superelastic range. This scaling down does not affect the validity of the results obtained.
Note about the Model. The Auricchio model as implemented in Ansys software may be considered somewhat weak, as more sophisticated models have been published by different research groups [23, 24] since its appearance, even by the Auricchio's own research group [25] . However, this model presents two fundamental assets which make it very suitable for the purpose of the present work.
(i) Firstly, the model focuses on the superelastic behaviour of the SMA using only a few constitutive parameters, and it has been successfully validated in a number of studies.
(ii) Secondly, its direct implementation in the commercial software Ansys precludes the need to apply the USER Material Subroutine (USERMAT), thereby allowing the reader to easily verify the results obtained in this work.
In sum, in light of these assets, this model has been successfully applied in [21] as well as in [26] and the use of a more sophisticated model in this work is not justified.
Unit Cell Finite Element Method Approach

Geometrical
Aspects. The geometrical model addressed in this work is based on an equisided tetrakaidecahedron which is defined by the side length . The open-cell geometry is obtained from a fully dense tetrakaidecahedron by removing a similar, but smaller, tetrakaidecahedron volume from the inner space and by opening each of the 14 faces. The final tetrakaidecahedral geometry is depicted in Figure 3 in the global coordinate system ( ⃗ , ⃗ , ⃗ ) and the associated tetrakaidecahedral foam is obtained by repeating this geometry to fill space. Due to the periodicity and symmetry exhibited by this foam, there is no need to reproduce a complete foam structure, since only a small part of it is needed to capture the macroscale behaviour of the foam, provided that the specific boundary conditions are applied (addressed in the next section). This approach, the so-called Unit Cell Finite Element Method (UCFEM), has already been widely used [27, 28] and makes it possible to circumvent the huge numerical weight exhibited by a full foam model.
The tetrakaidecahedral cell, that is, the UCFEM model associated with tetrakaidecahedral foam, is obtained by joining several tetrakaidecahedra together and performing appropriate sectioning. The final cell, depicted in Figure 4 , is very similar to the one obtained by Zhu et al. [9] and Sullivan et al. [15] , who performed reference works on tetrakaidecahedral cells via an analytical approach. Note that this cell possesses six symmetry planes and, consequently, the stress and the strain fields can be extended for the whole porous SMA. The stress is then the ratio of the total applied force to the area of the unit cell boundary. The strain along the loading path is the ratio of the displacement in the loading direction of the unit cell to the initial length of the unit cell.
However, contrary to Zhu et al. [9] and Sullivan et al. [15] , who modeled the cell using beam elements (which limit the validity of the model for porosity less than 0.05), the present finite element model is meshed using brick elements (20 nodes) exhibiting a quadratic displacement behavior. A wider range of porosity variation can then be addressed.
Boundary
Conditions. The boundary conditions are derived from the consideration of the symmetry conditions on the surfaces of the box enclosing the unit cell. Following the approach of [29] , the reflection symmetries of the unit cell require that the shear stress vanishes at all points of the enclosing box and that the normal displacements on the surfaces are constant. A local coordinate system ( ⃗ , ⃗ , ⃗ ) is then defined by the , , axes of the edges of the unit cell box (Figure 4 ), corresponding to the global coordinate system ( , , ) with a /4 rotation around the -axis.
The displacements ( , V, ) in this local coordinate system are given along ( ⃗ , ⃗ , ⃗ ), respectively. In this framework, the displacement boundary conditions can be expressed by 
4 Smart Materials Research Figure 3 : Equisided tetrakaidecahedron. where denotes the mean value, which imposes that all the material points on the respective unit cell boundaries have the same normal displacement. The implementation of the displacement boundary conditions stated in (1) in Ansys software is straightforward, using coupled degrees of freedom. The shear stress boundary conditions given by (2) , however, cannot be explicitly set in Ansys, but are implicitly defined using the kinematic boundary condition-defined (1). Figure 5 is a schematic illustration of these boundary conditions.
Finally, the finite element model of the Unit Cell is meshed using 20-nodes, mixed tetrahedral hexahedral, quadratic elements as depicted Figure 6 . This finite element model presents geometric singularities that may reduce the stress calculation reliability. To remove or, at least, to limit these risks, it is generally advised to round the edges and fillet the corners. However, that approach would lead to a more complex geometry, higher number of elements, and thus higher computational cost. For these reasons, the maximum stresses obtained with our model are definitely overestimated.
Simplifications.
When experiencing high strains, tetrakaidecahedral foam is subjected to highly nonlinear effects such as cracks or nonlinear buckling that may eventually result either in a collapse or a destruction of the cell under compressive or tensile loading, respectively. However, the present work aims at studying the superelastic response of tetrakaidecahedral foam and, for this reason, only linearelastic and superelastic behaviours are addressed here.
Results: Superelastic Behaviour
The mechanical response of tetrakaidecahedral foam can be observed either at a micro-or a macroscale, that is, by looking at the response at the cell scale or at the overall sample scale. Most of the experimental results that can be found in the literature are naturally limited to the macroscale given difficulties obtaining this information at the microscale. Fortunately, we can illustrate both scales by using numerical approaches, and we address both perspectives in the following subsections. Figure 7 illustrates the stress state in a unit cell for a maximum compressive strain of = 0.015.
Microscale Response.
As one can expect, we observe high stress heterogeneity with stress concentration due to the sharp edges of the geometry.
In order to see how the phase transformation evolves during loading, we depict, in Figures 8(a) and 8(b) , the volume fraction of material having an equivalent stress eq greater than and as functions of applied strain. In both figures, we can observe that for all porosity foams, the higher the density, the higher the volume fractions of the material undergoing phase transformation and being fully transformed, respectively, in Figure 8 (a) and in Figure 8 (b) (which corresponds to a volume fraction of 1). These observations support those made for random SMA foams [21, 22] that martensitic transformation will never be completed in porous SMAs. Figure 9 for various porosities. We can observe the large range of stresses exhibited by the samples of different porosity (more than three orders of magnitude). It has been shown for random foam [21, 22] that, for high porosity fraction, a full martensitic transformation can never be reached, even at very large strain. To confirm this conclusion, the maximum applied macroscale strain is set to 0.03, which is three times the (see Table 1 ). As expected, from / > 0.3 to higher porosities, and stresses are never reached. Furthermore in this work, no difference is assumed between compression and tension in the Ansys SMA constitutive model. The very close responses between the compression and tension tests of Figure 9 indicate that the behavior of all the foams tested is not affected by the load direction, and, therefore, only tensile results could be addressed hereafter. Figure 10 depicts the evolution of the constitutive model parameters ratio of, respectively, , , , , and and as functions of porosity. By "ratio" of any parameter we denote the apparent value corresponding to a given porosity divided by the fully dense value. We observe that the ratios are almost identical for critical stresses (Figure 10(a) ), as well as for the moduli (Figure 10 As observed experimentally in [30] and numerically in [16] , the exponent is not constant over the whole porosity fraction range. We observe three Figure 8 : Volume fraction of the models exhibiting an equivalent stress eq greater than the phase transformation stress (a) and greater than the phase transformation stress 
Macroscale Response. Stress-strain curves from both tension and compression tests are depicted in
Discussion
Superelastic Response.
We compare, in Figure 11 , the volume fractions of the material undergoing phase transformation (from Figure 8) with the ones obtained for random foam of same porosity [21] . Significant differences between the regular and random foams' susceptibility to phase transformation can be observed as follows.
(1) For low porosities (Figure 11(a) ), the volume fraction of material for which the phase transformation is initiated ( eq > ) for tetrakaidecahedral foam is far less notable than for random foam. The same trend is also observed for the volume fraction of fully transformed material ( eq > ).
(2) For moderate porosities (Figure 11(b) ), the volume fraction of material, under transformation or fully transformed, follows a similar trend until a macroscale strain of 0.0075. For larger strains, the phase transformation in the tetrakaidecahedral foam is less than in the random foam.
(3) Finally, for high porosities (Figure 11(c) ), we observe two different trends. On one hand, the fractions of fully transformed material are almost equal for both geometries. On the other hand, the volume fraction of material undergoing → transformation is far more significant for the tetrakaidecahedral foam, but only when strain exceeds 0.005.
Note that these conclusions are deemed valid despite the slight differences in the threshold phase transformation strains used in these works: = 0.003 and = 0.013 (this work) and = 0.0025 and = 0.0125 [21] .
The differences revealed in the results indicate that tetrakaidecahedral foam will exhibit better superelastic behaviour than random foam, in accordance with the following observations.
(i) For low-porosity (Figure 11(a) ), the periodic distribution and the pore shape regularity of tetrakaidecahedral foams lead to a decrease of the material volume fraction that is fully transformed. This is an interesting feature, since a lesser proportion of such a material will ultimately reach the yield stress, generate irreversible strains, and lead to fracture.
(ii) For high-porosity (Figure 11(c) ), the periodic pore structure tends to drastically increase the amount of material undergoing phase transformation, while keeping the completely transformed material fraction unchanged. With a larger proportion of the material participating in the phase transformation, the macroscopic strain is better distributed throughout the entire sample.
Apparent Elastic Modulus.
In the global coordinate system in which the tetrakaidecahedral geometry has been defined, the model is isotropic along the principal axes. The apparent elastic modulus ratio of the unit cell, that is, the ratio of the apparent elastic modulus of the unit cell and of the fully dense material, is depicted in Figure 12 for both traction and compression tests at different porosity fractions and compared to results from the literature. We first observe that the compression and tension results are perfectly superimposed, meaning that no difference emerges between these two loadings as far as it concerns apparent elastic modulus.
Next, when comparing with the well-known Gibson and Ashby cellular solid equation of the evolution of the elastic modulus, that is, / = ( / ) 2 (with = 1 generally used), we observe that the evolution is parallel to that of the present work from very high ( / = 0.01) to moderately low ( / = 0.7) porosities. For lower porosities, the tetrakaidecahedral elastic modulus ratio converges to the fully dense value fraction, / = 1. The analytical results from [9] for tetrakaidecahedral foams of high porosity, based on beam theory, are in very good agreement with our tetrakaidecahedral cells modeled using circular beam elements. The elastic moduli of random pores calculated by Roberts and Garboczi [16] are in perfect agreement with the Gibson and Ahsby's predictions, and, thus, their evolution is parallel to that of the tetrakaidecahedral foam.
Finally, the results from [21] , which depict the evolution of the elastic moduli for SMA foams with random pores (random shape, size, and distribution), produce a trend close to that of Gibson and Ashby, with a slight offset to the present results.
Stress Concentration Factor.
Following the definition of the stress concentration factor introduced by Panico and Brinson [22] in the apparent elastic regime as being the ratio of the maximum axial stress component to the applied macroscopic stress, Figure 13 depicts the stress concentration factor for tetrakaidecahedron cell and random foams [22] .
As expected, the concentration factor obtained in the present work follows the same trend as the factor from random foams: the higher the porosity, the higher the concentration factor. However, for the low-porosity fraction, the stress concentration factor of the tetrakaidecahedral cell is lower (Figure 13 is a log-log plot) than the factors from [22] , which indicates that the periodic foam studied here will exhibit an increased fatigue strength than Panico's random foams.
With the geometrical models used in this work, a large amount of sharp edges are obtained. Local stress concentrations will then be inevitably generated, but it is not obvious that a significant influence would be observed at the macroscale level. To address this concern, other similar simulations should be carried out by rounding the sharp edges or by building the tetrakaidecahedral unit cell with circular extrusions.
Linear
Buckling. The analysis of linear buckling in tetrakaidecahedral foam cells has been thoroughly investigated in [14] , based on the beam theory developed by Timoshenko Figure 11 : Average volume fraction of phases in the model as a function of strain for three different pore volume fractions: (a) PVF = 0.3, (b) PVF = 0.5, and (c) PVF = 0.7 in highly-random pore foam, from [21] , and in tetrakaidecahedral foam. The volume fraction that is experiencing phase transformation is highlighted.
and Gere [31] . It is assumed that the edges of the geometry are long thin beams; that is, that the relative density of the foam is low. Zhu et al. [14] showed that, for polymeric foam exhibiting viscoplastic behaviour, buckling was unlikely to happen. A more general approach by Gibson and Ashby [7] , based on experimental elastic collapse, gives the onset buckling stress as follows: * el ≈ 0.03 ( ) 2 (1 + ( )
In Figure 14 , by comparing the predicted onset buckling stress from (3) with the phase transformation stress of the material, we can see that this geometry is not subjected to linear buckling for all the density fractions, as the yield stress reached is at least one order of magnitude lower. Furthermore, in light of these results, it is more than likely that the tetrakaidecahedral foam will experience plastic deformation and cracking before being subjected to any nonlinear buckling effect. Figure 12 : Comparison of the evolution of the apparent elastic modulus between the present work (compression and tension) and results from [7, 9, 16, 21] . 
Stress concentration factor
Conclusion
This work was designed to gain a deeper insight of the mechanical response of superelastic SMA foam based on open-cell tetrakaidecahedral geometry. Utilizing the UCFEM approach, a finite element model has been defined to accurately study the complete porosity fraction, from fully dense to its highest-porosity limit, that is, to as much as 99% of empty space. The numerical responses were obtained by using a simple but, from a numerical point of view, very effective SMA constitutive model in the Ansys environment. Numerous results were then extracted in the elastic regime as well as in the superelastic regime for the whole range of porosity. Furthermore, it was observed that, due to the regular spatial distribution and shape of the pores in the tetrakaidecahedral foam, we can expect random foam to be stiffer than periodic foam with moderately-to-low porosity. On the contrary, for high porosities, we would expect periodic foam to be stiffer than random foam.
Finally, we have seen, both in the elastic regime through the stress factor and in the inelastic regime, by comparing the volume fraction of phase transformed material, that the tetrakaidecahedral geometry provides an obvious synergetic effect when coupled with superelasticity. For example, when comparing regular and random foams in the 0.5 to 0.99 porosity range, both structures show similar quantity of the completely transformed material, while the fraction of material undergoing martensitic transformation is much larger in the regular than in the random foams, making the load sharing much more efficient.
